The general Kirchhoff theory of sound propagation in a circular tube is shown to take a considerably simpler form in a regime that includes both narrow and wide tubes. For tube radii greater than ro, = 10-3 cm and sound frequenciesf such that r•f 3/2 < 106 cm s-3/2, the Kirchhoff solution reduces to the approximate solution suggested by Zwikker and Kosten. In this regime, viscosity and thermal conductivity effects are treated separately, within complex density and complex compressibility functions. The sound pressure is essentially constant through each cross section, and the excess density and sound pressure (when scaled by the equilibrium density and pressure of air, respectively) are comparable in magnitude. These last two observations are assumed to apply to uniform tubes having arbitrary cross-sectional shape, and a generalized theory of sound propagation in narrow and wide tubes is derived. The twodimensional wave equation that results can be used to describe the variation of either particle velocity or excess temperature over a cross section. Complex density and compressibility functions, propagation constants, and characteristic impedances may then be calculated. As an example, this procedure has been used to determine the propagation characteristics for a tube of rectangular cross section.
the calculation of their propagation characteristics. To demonstrate the utility of the procedure, the propagation characteristics of a tube of rectangular cross section will be derived.
I. KIRCHHOFF THEORY FOR THE CIRCULAR TUBE
The theory presented by Kirchhoff is outlined here. This provides a basis for the discussion and approximations in the later sections.
We consider a tube of radius r•, containing an ideal gas of viscosity # and thermal conductivity K. The axial direction
• and radial direction ? are as indicated in Fig. 1 . Several quantities are involved in the description of the state of the gas: These are the pressure P, the temperature T, the density p, and the particle velocity V. The first-order relations between these variables are given by the linearized Navier 
With these forms, Eqs. ( 1 )-(4) become kOpoV = --?p + • ?(V-v) --/• ?X?Xv,
iro5 = --Po V-v,
•c V" r = ( iro To/P o ) (po C,.p -PoCk5),
P--(Po/poTo)(por + To5).
The boundary conditions require that the velocity and excess temperature be zero on the tube wall so equations will be written in terms ofv and r. Eliminatingp and 5 from these equations, we obtain iopov--Pø Vr+(Pø + 4 )
• 
and making use of the relation, valid for ideal gases, C• --C,, = Po/(poro), 
Here, y is the ratio Cv/Co of specific heats, and the adiabatic sound speed c has been introduced through Po c2 = YPo.
Once the velocity and excess temperature have been computed, the sound pressure and excess density may be calculated using Eqs. (7) and (9).
Equations ( 
Using Eqs. (7) and (9), the solution given above may be extended to describe explicitly the excess density,
and the sound pressure,
The narrow tube has d4 ,• 1 cm s •/2; the wide tube has d4 >> 1 cm s -4/2, and d2 ,• 1 cm s -3/2; and the very wide tube has d2 >> 1 cm s -3/2. Weston's classification excludes very narrow tubes with radii less than 10-,3 cm, for which the radius approaches the mean-free path, and frequencies greater than 108 Hz, for which the wavelength approaches the mean-free path. In this and the following sections, we will restrict our attention to the regime composed of both narrow and wide tubes, i.e., the broad range of frequencies and radii encompassed by r•f 3/2 < 106 cm S-3/2 and r•o > 10 3 cm.
The solution given by Kirchhoff will be examined and shown to reduce to a much simpler form in this regime. Some approximations can be made at the outset. 
provided that the radius is greater than 10 3 cm. This is the regime that has been assumed in this section. Thus we may ignore m 2 relative to both •-2 and iw/v in the expressions of 
The main results of this analysis are the approximate expressions obtained for the propagation constant, the complex density, and the complex compressibility, as given by Eqs. (43), (48), and (50), respectively. They represent considerable simplification over the exact results obtained by Kirchhoff, but they have application over a broad range of sound frequencies and tube radii. Numerical calculations confirm that these approximate expressions and the complete Kirchhoff theory give nearly identical results for frequencies and tube radii in the stated range.
These approximate expressions were presented by Zwikker and Kosten 3 previously, but the verification of the results was given only for the extremes of low and high frequency. In their work, the velocity problem and the thermal conduction problem were treated separately; the expression for complex density was obtained with thermal conductivity assumed zero and the compressibility calculated with viscosity assumed zero. Approximations to these functions, in the low-and high-frequency cases, were compared with corresponding approximate terms from the exact Kirchhofftheory and found to be the same. However, Zwikker and Kosten 
III. GENERALIZATION TO TUBES OF ARBITRARY CROSS-SECTIONAL SHAPE
A general procedure is developed here for the determination of the propagation characteristics of tubes that are uniform along their length but have arbitrary cross-sectional shape, as indicated in Fig. 6 . The procedure is appropriate for tubes in the narrow and wide tube regimes.
Equations ( 6)- (9) are general and not restricted to circular tubes. However, determining a solution to these general equations, for a tube of arbitrary cross-sectional shape, would be a formidable challenge. In the case of the circular tube, the solution obtained by Kirchhoff was exact and thus valid for narrow, wide, and very wide tubes. We have seen, though, that considerable simplification of the Kirchhoffsolution is obtained if we restrict our attention to only narrow and wide tubes. It is reasonable to suppose that considerable simplification of the general equations might also be obtained in the same regime of narrow and wide tubes. These simplified equations would then be applicable to tubes of arbitrary cross-sectional shape.
Three features of the solution for the circular tube, within the narrow and wide regimes, are of particular interest:
( ! ) As seen in Figs. 2 and 3 , the sound pressurep (and hence, dp/dz as well) does not vary significantly through a cross-sectional slice. Calculations confirm that variations are very small, being proportional to r•f 3/2 and reaching 0.1% only when rudf 3/2 is at its maximum of 10 6 cm s -•/2. We will assume that p contains only the axial exp(mz) dependence, and is constant through each cross section of noncircular tubes.
(2) The excess density and the sound pressure are of comparable magnitude when scaled by Po and Po, respectively. As suggested by the examples of Figs. 2 and 3, the two terms will be equal in magnitude for isothermal conditions and will differ by a factor ofy = 1.4 for adiabatic conditions. We will assume, then, that
FIG. 6. Sketch of a possible tube geometry for which the generalized theory would be appropriate. The tube cross section is arbitrary in shape, but constant along Ire propagalion axis.
(3) For the regime that includes both narrow and wide circular tubes, the propagation constant m is much smaller than certain other terms. In accordance with Eq. (42), it will be assumed that Ira21 is negligible relative to lice/v] and to l i•oT/v'l for tubes with arbitrary cross-sectional shape.
These three assumptions will be adopted for tubes having arbitrary cross-sectional shape. It will be noted that we are not assuming laminar flow. This assumption is not necessary for the development of the theory. The radial component of velocity, though, is considerably smaller than the axial component, reaching a maximum of 2% only when rwf 3/2 is at its upper limit of 10 6 cm s -3/2 Consider, first, the general force expression, Eq. ( 
We are then able to obtain several necessary quantities in terms of this function: The work presented here is applicable to the study of the acoustical properties of porous materials. Various theoretical models 6'•4 introduce "shape factors" to accommodate the departure of pore cross sections from a circular shape. Using the formalism discussed in Sec. III, we are able to calculate directly the acoustical properties of samples containing pores with specific cross-sectional shapes, and appropriate shape factors may be inferred. 
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